Purpose Altered levels of cytokines and chemokines may play a role in cancer-and cancer treatment-related cognitive difficulties. In many neurodegenerative diseases, abnormal concentrations of cytokines and chemokines affect neuronal integrity leading to cognitive impairments, but the role of cytokines in chemotherapy-related cognitive difficulties in cancer patients is not well understood. Patients receiving doxorubicin-based (with cyclophosphamide, or cyclophosphamide plus fluorouracil; AC/CAF) chemotherapy or cyclophosphamide, methotrexate, and fluorouracil (CMF) chemotherapy report experiencing cognitive difficulties; because these regimens work by different modes of action, it is possible that they differentially affect cytokine levels. Methods This study examined the relationships between cytokine levels (i.e., IL-6, IL-8, and MCP-1) and type of chemotherapy among 54 early-stage breast cancer patients receiving AC/CAF or CMF. Cytokine levels were assessed at two time-points: prior to on-study chemotherapy cycle 2 (cycle 2) and after two consecutive chemotherapy cycles (prior to on-study cycle 4; cycle 4). Main results Analyses of variance using cycle 2 levels as a covariate (ANCOVA) were used to determine differences between chemotherapy groups. Levels of IL-6, IL-8, and MCP-1 increased in the AC/CAF group and decreased in the CMF group; the only significant between-group change was in IL-6 (p<0.05). Conclusions These results, although preliminary based on the small sample size, suggest that AC/CAF chemotherapy is more cytokine inducing than CMF. Future studies should confirm these results and explore the distinct inflammatory responses elicited by different chemotherapy regimens when assessing cognitive function in cancer patients.
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Introduction
Up to 75% of breast cancer patients experience some form of cognitive impairment related to chemotherapy, including problems with verbal and/or visuospatial memory, difficulty learning, and difficulty in concentration and/or attention; these difficulties are commonly referred to as "chemobrain" [1] [2] [3] [4] [5] [6] [7] [8] [9] . For many patients (up to 75%), difficulties with cognitive function begin during treatment, and in up to 35%, this impairment persists for many months or years following completion of treatment [5, 6, 8] . These cognitive problems negatively affect activities of daily living such as performance at work [6] , caring for and interacting with family members, accessing necessary medical care, and conveying appropriate treatment decisions. Until the past decade, this condition was largely understudied. In fact, while patients have been experiencing these symptoms for years, only recently have investigators appreciated that cognitive difficulties can occur independently of other symptoms such as anxiety and sleep disturbance [10] .
Elevated levels of peripheral blood and intrathecal cytokines and chemokines have been implicated in the pathogenesis of numerous diseases and disorders associated with cognitive difficulties including mild cognitive impairment, Alzheimer's disease (AD), Parkinson's disease, multiple sclerosis, and human immunodeficiency type 1 dementia. Increased levels of MCP-1, IL-6, and IL-8 have been demonstrated in patients with mild cognitive impairment [11] [12] [13] [14] . Additionally, traumatic brain injury early in life and the later development of AD are positively correlated in some studies [15] , suggesting that a heightened inflammatory status initiated by brain injury may contribute to AD-related cognitive impairments.
Recent literature suggests that elevated levels of peripheral pro-inflammatory cytokines may be related to cognitive problems in cancer patients [16, 17] . Chemotherapy has been associated with increased levels of pro-inflammatory cytokines (e.g., IL-1β) in patients treated for Hodgkin's disease [18] . Another study, in breast cancer patients receiving paclitaxel chemotherapy, revealed that levels of IL-6 increased 3 days after treatment compared to pretreatment levels, but no increase was seen in those who received cyclophosphamide, methotrexate, and fluorouracil (CMF) [19] . Significant changes in markers of endothelial and platelet activation and inflammation were found in breast cancer patients receiving anthracycline-based treatment [20] . Taken together, the existing literature on the association between inflammatory cytokines, cognitive difficulties, and chemotherapy lends support to the hypothesis that elevated levels of cytokines play an etiologic role in the development of cognitive difficulties in cancer patients. Furthermore, if this hypothesis is true, it would be important to know how changes in cytokine and chemokine levels vary by chemotherapy regimen.
Ultimately, an understanding of the factors contributing to chemotherapy-related cognitive impairment could aid in identifying patients at risk and might indicate potential therapeutic options for treating cognitive difficulties. Not all of the studies conducted to date have detected differences in all of the parameters thought to be altered in cancer-related cognitive difficulties, and the severity of these impairments also varies among the studies. While some of the discrepancy in study results may be methodological (e.g., variations in time points, cognitive measures, control group selection and statistical analyses), it is possible that different types of treatment (e.g., various chemotherapy regimens) may impair cognitive functioning through diverse effects on the inflammatory pathways.
In the current study, we compared levels of IL-6, IL-8, and MCP-1 (Table 1) in patients receiving doxorubicinbased (AC/CAF) chemotherapy with levels in those receiving a combination of CMF chemotherapy. We chose to assess these cytokines because they have been implicated in other conditions associated with cognitive difficulties; IL-6 and IL-8 have been reported to increase in response to chemotherapy [19] . We hypothesized that chemotherapy regimens would differentially alter expression of these three inflammatory molecules over 2 cycles of treatment. 
Methods

Participants
The current study is a secondary analysis of a randomized trial undertaken to investigate the effects of Paxil® (paroxetine) on fatigue in female breast cancer patients undergoing chemotherapy, as reported previously [21] . The current study includes 54 female breast cancer patients from that trial who received either doxorubicin-based (AC/CAF) chemotherapy or a combination of CMF chemotherapy. Approval from the institutional review board was obtained prior to acquiring written informed consent and enrolling participants.
To be eligible, patients in that trial were scheduled to receive 4 cycles of chemotherapy (2 weeks or more apart) and were not receiving radiation or interferon treatments. Patients may have had up to two chemotherapy treatments prior to consent; therefore, their first on-study treatment was not necessarily their first chemotherapy. Patients were excluded if they had a history of seizure, mania, or any condition requiring psychotropic medications. In this double-blinded study, patients were stratified by chemotherapy type and randomized to receive either 20 mg paroxetine or an identical appearing placebo starting on day 7 of their first on-study treatment and concluding 7 days following their fourth on-study treatment. Patients were recruited from the University of Rochester Medical Center and two affiliates: Rochester General Hospital and Highland Hospital. Fifty-four patients who received either AC/CAF or CMF provided evaluable blood samples at both time points and are included in this analysis.
Cognitive questions/items
Five questions from the fatigue symptom checklist (FSCL), a validated measure of fatigue [22] , were chosen to indicate aspects of self-reported cognitive function at cycle 2 and cycle 4 of on-study chemotherapy. The FSCL was completed within the first week following each chemotherapy treatment (Fig. 1 ). The cognitive items chosen were: "At the moment I feel": (no. 1) heavy headed, (no. 5) my thoughts are muddled, (no. 11) difficulty thinking, (no. 14) unable to concentrate, and (no. 16) forgetful. The FSCL is based on a fivepoint scale with 1 being "absence of" and 5 being "a great deal."
Measurement of MCP-1, IL-6, and IL-8
We were interested in evaluating whether cytokines/ chemokines (i.e., IL-6, IL-8, and MCP-1) that are associated with inflammation and are markers for cognitive difficulties in MCI, Alzheimer's disease, and other neurological diseases may be differentially expressed depending on chemotherapy regimen. Nonfasting blood was collected prior to on-study cycle 2 and on-study cycle 4 ( Fig. 1 ). Blood was drawn the day of chemotherapy and was spun for serum collection and was stored aseptically at −80°C. Cytokine levels were measured in serum samples using commercial colorimetric ELISA kits (BD Biosciences, San Diego, CA) according to the manufacturer's recommended assay procedure. Absorbance values are directly proportional to the amount of cytokine produced; these levels were determined using a recombinant cytokine standard for each ELISA. Statistical analyses Data analyses were conducted using SPSS version 16.0 software. Descriptive statistics for the participants' baseline values were calculated; percentages were calculated for categorical variables, and means and standard deviations for continuous variables. Independent sample t tests were performed on age, and chi-square with Fisher's exact test was performed on intervention arm and menopausal (pre-and postmenopausal) status to determine if significant baseline differences existed. Means and standard errors of the mean were calculated for all cytokines/chemokines at on-study cycles 2 and 4, and changes from on-study cycles 2 to 4 were also calculated. Because the distributions of IL-6 and IL-8 were skewed, these values were log transformed to provide increased normality. Log-transformed values for IL-6 and IL-8 are used in all statistical analyses; levels of MCP-1 were normally distributed so raw values were used in the statistical analyses. To assess within-group changes in cytokines/chemokines, paired t tests were conducted. To assess differences in cytokine/chemokine levels between chemotherapy groups, analysis of covariance (ANCOVA) was used incorporating baseline cytokine/chemokine level, and in some cases menopausal status, as a covariate.
Values for cognitive scores were dichotomized into yes/ no responses. Wilcoxon signed-rank tests were conducted to determine whether significant within-group differences in cognitive complaints between cycles 4 and 2 existed for each chemotherapy group.
Spearman's rho was used to correlate change scores (cycle 4−cycle 2) for cytokine/chemokines with cognitive function responses (based on raw reported change score values). In all analyses, two-sided p values of ≤0.05 were considered statistically significant.
Results
Twenty-seven patients who received AC/CAF and 27 patients who received CMF provided evaluable blood samples at baseline (prior to on-study cycle 2) and after two additional cycles of chemotherapy (prior to on-study cycle 4). Levels of MCP-1 were normally distributed, and levels of IL-6 and IL-8 were skewed. Log-transforming values of IL-6 and IL-8 increased normality; one pair of values for log-transformed IL-8 was considered an outlier (>3 SD from the mean) and was removed from the analyses. Levels of MCP-1 were normally distributed, and one outlier pair was removed for analyses. No significant differences were present between chemotherapy groups in age or in the proportion of patients receiving Paxil®/ placebo or the proportion of patients who were premenopausal/postmenopausal (Table 2, p>0.05). There were no differences (p>0.05) in cytokine and chemokine levels at baseline or after two additional cycles of chemotherapy between patients receiving Paxil® and those randomized to placebo.
Changes in cytokines/chemokines by chemotherapy regimen
Levels of IL-6, IL-8, and MCP-1 all increased in the AC/CAF group from on-study cycle 2 (baseline) to on-study cycle 4 (mean change for IL-6= 4.96, IL-8= 1.19, and MCP-1= 48.80 pg/mL); levels of these same molecules decreased in the CMF group (mean change for IL-6 = −1.46, IL-8 = −0.80, and MCP-1 = −15.81; Fig. 2a) . The only significant within-group change was an increase in IL-6 in the AC/CAF group (p=0.042). IL-8 was nearly significantly increased in this group (p= 0.060), and IL-6 was nearly significantly decreased in the CMF group (p= 0.054). Figure 2b represents (cycle 4 minus cycle 2) in cytokine/chemokine levels by chemotherapy regimen. ANCOVA analyses, incorporating baseline IL-6, revealed a significant treatment regimen difference for IL-6 at cycle 4 (F =9.04, p=0.004). ANCOVA analyses for IL-8 revealed a borderline trend for significance (F= 3.94, p=0.054). No significant treatment regimen effects were observed for MCP-1 (F= 1.46, p =0.232). Since preand postmenopausal status percentages were different between the two chemotherapy groups (p= 0.10) and given the small sample size of the study, we conducted additional analyses to determine whether controlling for menopausal status would affect the results. ANCOVA analyses, incorporating baseline IL-6 values and menopausal status, revealed a significant treatment regimen difference (F =7.390, p= 0.009). ANCOVA, incorporating baseline IL-8 and menopausal status, revealed a borderline trend for significance (F = 2.932, p = 0.095). For MCP-1, with incorporating baseline MCP-1 and menopausal status, no significant treatment effect was observed (F =0.284, p=0.597).
Self-reported cognitive items and relationship to cytokines/ chemokines
The percentages of those with self-reported cognitive complaints of heavy-headed feelings, muddled thoughts, difficulty thinking, difficulty in concentrating, and forgetfulness are reported in Table 3 . Overall, both groups reported less cognitive complaints at cycle 4 than at cycle 2, with the exception of an increase in difficulty thinking in the AC/CAF group. The proportion of patients with complaints of heavy-headed feeling, muddled thoughts, and forgetfulness was higher in the AC/CAF group at cycle 2; difficulty thinking and difficulty with concentration were higher in subjects receiving CMF. At cycle 4, heavy headedness, difficulty thinking, and difficulty with concentration were all higher in the AC/ CAF group; muddled thoughts were higher in the CMF group, and forgetfulness was the same in both groups. None of the within-group differences were significant except for the improvement in muddled thoughts in the AC/CAF group (F=−2.2, p=0.025). (26) CMF (27) AC/CAF (26) CMF (24) AC/CAF (20) CMF (22) Fig. 2 We performed preliminary correlation analyses of the relationships between these five cognitive areas and MCP-1, IL-6, and IL-8 for each chemotherapy group taking into consideration that the immune markers were measured prior to cycles 2 and 4, and our cognitive assessment was done after chemotherapy treatment. In those who received AC/CAF, changes in IL-6 were positively correlated with changes in all five cognitive assessment items; however, none of these changes were significant (Table 4) . For IL-8, positive correlations existed for all cognitive items; none of these were significant. For MCP-1, we found negative correlations between heavy headedness, muddled thoughts, difficulty thinking, difficulty with concentration, and forgetfulness; the latter two were statistically significant.
For those receiving CMF, none of the correlations were significant (Table 5 ). Negative correlations were observed for IL-6 with each of the five cognitive items. For changes in IL-8, positive correlations were observed for changes in all four questions except for difficulty thinking which was negatively correlated with changes in IL-8. For changes in MCP-1, positive correlations were observed with changes in all cognitive questions except a negative correlation with changes in heavy headedness.
Discussion
We assessed the effects of two different chemotherapy regimens on cytokine IL-6 and chemokines MCP-1 and IL-8 to understand possible effects of chemotherapy regimens on inflammatory processes that may be implicated in chemotherapy-related cognitive difficulties. To our knowledge, this is the first study to compare the effects of two different chemotherapy regimens on these three cytokines in breast cancer patients undergoing chemotherapy. We observed that MCP-1, IL-6, and IL-8 all increased in the doxorubicin-based chemotherapy group but decreased in the CMF group over 2 cycles of treatment.
Both chemotherapy regimens included cyclophosphamide with or without fluorouracil. The major difference between our chemotherapy groups was adriamycin in the AC/CAF group and methotrexate in the CMF group. Therefore, differences in cytokine/chemokine responses are likely due to these specific agents.
Adriamycin, an anthracycline that intercalates DNA preventing cell replication, is associated with an increase in cytokine IL-1β in Hodgkin's patients receiving chemotherapy regimens containing this agent [18] . More specific evidence that Adriamycin directly contributes to an inflam- Table 3 Characterization of cognitive difficulties in breast cancer patients undergoing chemotherapy matory response comes from an animal study, in which Adriamycin was given to non-tumor-bearing mice. Peripheral and brain-inherent levels of cytokine TNF-α were increased [23] even though Adriamycin was not found to cross the blood brain barrier. The peripheral increase in TNF-α was also associated with an increase in brain reactive oxygen species suggesting damage; when a TNF-α blocking antibody was given, adriamycin-induced brain oxidation levels were decreased. Overall, this study suggests that the inflammatory responses following Adriamycin directly led to an elevation in brain oxidation which could result in cognitive difficulties. In fact, other animal studies have shown that Adriamycin leads to impairment in performing cognitive tasks [24] . Unlike Adriamycin, methotrexate, an anti-metabolite that inhibits the synthesis of purine and pyrimidine precursors, appears to have anti-inflammatory properties [25] . Specifically, methotrexate can inhibit growth of monocytes and macrophages [26] -cells which can produce the cytokines and chemokines assessed in this paper. For example, IL-6 expression by human monocytes is reduced following exposure to methotrexate [27] .
Overall, the correlation analyses provide interesting data to explore in future research. It is difficult to interpret the inverse but significant relationships between changes in MCP-1 levels and changes in difficulty with concentration, and forgetfulness in those receiving AC/CAF. One explanation from our results is that changes leading to reduced MCP-1 levels are associated with cognitive decline and vice versa. However, since serum cytokine levels fluctuate over time, this observation could be incomplete. It is also possible that MCP-1, which is an early-stage mediator of inflammation, could have led to signaling via other inflammatory pathways that are more indicative of cognitive difficulties at the cycles 2 to 4 time points. For example, a recent study investigated serum MCP-1 levels in those who had a diagnosis of MCI and Alzheimer's disease. Those with MCI had high levels of MCP-1 compared to healthy controls; however, Alzheimer's cases had decreased levels of MCP-1 compared to both MCI and healthy controls [13] . This result could explain our findings if more severe cognitive difficulties are associated with reductions in MCP-1 but perhaps increases in other inflammatory molecules. For example, increases in IL-6 and IL-8 were both associated with increases in cognitive difficulties in the AC/CAF group. While these were not significant in this study, these relationships may be more reflective of cognitively associated inflammatory increases during chemotherapy and should be assessed in future highpowered studies.
The main strength of this study was our measurement of cytokines and chemokines in patients treated with two distinct chemotherapy regimens over 2 cycles of treatment; therefore, we could assess changes in levels of these molecules over the 2 cycles of chemotherapy and determine whether those changes differed by regimen. The study would have been strengthened with biomarker measurements prior to any treatment, and prior to and after each cycle of chemotherapy. The assessment of additional inflammatory mediators and their specific signaling pathways could have provided a greater understanding of the complexity of inflammatory responses following administration of various chemotherapy regimens.
We are limited in our interpretation of the cytokine/ chemokine results as they relate to cognitive difficulties in these cancer patients. First, our cytokine/chemokine measurements were done prior to chemotherapy and our cognitive assessment was performed after chemotherapy. Secondly, our cognitive questions were taken from the FSCL, which is a measure designed to assess fatigue. Additionally, our study was not adequately powered to address the relationship between cytokine/chemokine levels and cognitive function. Therefore, it is difficult to explain the significant relationships between lower MCP-1 levels (prior to chemotherapy) and greater difficulty with thinking, concentration, and forgetfulness (memory) in those receiv- ing AC/CAF. Lastly, we did not have information on stage of disease or other treatment information (e.g., corticosteroid, hormone treatments, pre-medications) that may have affected cytokine levels in these patients. Nonetheless, this study revealed that specific chemotherapy regimens can lead to different responses in chemokine/cytokine levels. All of the relationships identified in this study provide important knowledge about the levels of cytokines during chemotherapy as well as aspects of selfreported cognitive function, and how they change over time. The results of this study are preliminary and hypothesis generating and need to be confirmed in larger studies that specifically evaluate multiple inflammatory mediators at multiple time-points with concurrent neuropsychological assessments and/or validated cognitive questionnaires. Future studies should also control for important variables such as menopausal status, weight, and any medication usage that can affect cytokine levels. These studies will clarify the influence of specific chemotherapy regimens on distinct inflammatory pathways and the effects of those pathways on the development and progression of cognitive impairment in cancer patients. In this study, patients had similar levels of self-reported cognitive complaints, however, cytokines increased over time in the adriamycin-based chemotherapy group but decreased over time in those receiving CMF. Only a greater-powered study can address whether there may be multiple inflammatory mechanisms involved, and/or other contributing pathways (e.g., endocrine), in the development of chemotherapyrelated cognitive difficulties. Identifying all of these related pathways may allow for the development of tailored interventions in patients with cognitive impairments.
